Abstract California is home to both the native statethreatened Sierra Nevada red fox (Vulpes vulpes necator), which historically inhabited high elevations of the Sierra Nevada and Cascade mountains, and to multiple low-elevation red fox populations thought to be of exotic origin. During the past few decades the lowland populations have dramatically expanded their distribution, and possibly moved into the historic range of the native high-elevation fox. To determine whether the native red fox persists in its historic range in California, we compared mitochondrial cytochrome-b haplotypes of the only currently-known high-elevation population (n = 9 individuals) to samples from 3 modern lowland populations (n = 35) and historic high-elevation (n = 22) and lowland (n = 7) populations. We found no significant population differentiation among the modern and historic high-elevation populations (average pairwise F ST = 0.06), but these populations differed substantially from all modern and historic lowland populations (average pairwise F ST = 0.52).
Introduction
California is currently home to both native and exotic populations of red fox (Vulpes vulpes). The native Sierra Nevada red fox (V. v. necator) is restricted to subalpine habitats above 1525 m (5000 ft) in the Sierra Nevada and Cascade mountain ranges of California (Grinnell et al. 1937; Schempf and White 1977) . Historically the Sierra Nevada red fox existed at low densities throughout its range (Grinnell et al. 1937) , but an apparently precipitous population decline led state wildlife officials to prohibit commercial trapping in 1974 and to list the subspecies as State Threatened in 1980 (Gould 1980; Lewis et al. 1999) . It is currently considered ''extremely endangered'' and its population size, extent, and trend are unknown (CDFG 1996 (CDFG , 2004 .
The other red fox populations in California inhabit the lowland areas (<1066 m) and likely consist of individuals from multiple unidentified source populations (Grinnell et al. 1937; Roest 1977; CDFG 1999; Fitzpatrick 1999; Lewis et al. 1999) . Lowland foxes were first recorded in the 1880s from the plains near the Sutter Buttes in the Sacramento Valley and their origin is unknown, although some individuals may have been transported from elsewhere in North America for sport hunting or rodent control (Grinnell et al. 1937; Roest 1977; Lewis et al. 1999) . Low elevation red foxes remained restricted to the Sacramento Valley through the early decades of the 20th century (Roest 1977; Lewis et al. 1999) . By the 1990s, the range of the ''lowland red fox'' had expanded dramatically, extending throughout the Sacramento and San Joaquin Valleys to the Sierra Nevada foothills and in various coastal locations from San Francisco to San Diego (Lewis et al. 1999) . However, it is unclear to what extent the new lowland populations (i.e., those outside the Sacramento Valley) arose from the original Sacramento Valley population; some of them likely derive from additional introductions from outside of California after 1950 (CDFG 1999 Fitzpatrick 1999; Lewis et al. 1999) . Moreover, it is unknown whether lowland red foxes have expanded into the historic range of the native mountain red fox (Lewis et al. 1995) . Morphological characteristics are insufficient to confidently conclude whether an individual red fox originated from either the native or exotic populations (Roest 1977) . A genetic comparison of present-day and historic red foxes is needed to ascertain the ancestry of these populations so that appropriate management actions can be taken (Kucera 1995 (Kucera , 1999 Lewis et al. 1995; Aubry 1997) .
Advances in DNA extraction techniques have enabled the collection of genetic data from museum specimens for use in evolutionary and population genetic studies (Pä ä bo 1989; Cooper 1994; Hummel 2003; Pä ä bo et al. 2004) . Museum specimens have proven particularly valuable for comparing modern and historic levels of genetic diversity within populations that have subsequently become rare or endangered. This approach has been applied across a wide range of animal taxa and conservation questions, such as investigating bottlenecks in the greater prairie chicken (Tympanuchus cupido; Bouzat et al. 1998) , northern elephant seal (Mirounga angustirostris; Weber et al. 2000) , Yellowstone grizzly bear (Ursus arctos ; Miller and Waits 2003) , and black-footed ferret (Mustela nigripes; Wisely et al. 2002) ; discerning the taxonomic affiliation of the Dawson caribou (Rangifer tarandus dawsoni; Byun et al. 2002) , red wolf (Canis rufus; Roy et al. 1996) , and Uele River gorilla (Gorilla gorilla uellensis; Hofreiter et al. 2003) ; and quantifying the genetic impact of recent forest fragmentation on red squirrels (Sciurus vulgaris; Hale et al. 2001) . The approach has proven particularly useful for examining temporal changes in population structure, such as in the Panamint kangaroo rat (Dipodomys panamintinus; Thomas et al. 1990 ), bearded vulture (Gypaetus barbatus; Gautschi et al. 2000) , northeastern beach tiger beetle (Cicindela dorsalis dorsalis; Goldstein and Until recently, analysis of historic and recent California red foxes was hindered not by the lack of museum specimens but rather by the absence of mountain fox specimens collected after 1950 (Fig. 1) . A recent ecological study of the red foxes in the Lassen Peak region of northern California (1900-3150 m elevation) enabled the collection of genetic samples for this purpose (Perrine 2005) . The Lassen area was historically a main population center for the Sierra Nevada red fox (Grinnell et al. 1937; Schempf and White 1977) and is currently the only known montane red fox population in the state (Perrine 2005) . However, the Lassen area may also be highly vulnerable to colonization by lowland red foxes from the Sacramento Valley <70 km away, which is within the potential dispersal radius of red fox (Lariviè re and Pasitschniak-Arts 1996). Furthermore, escapees from several red fox fur farms in the Lassen region during the 1940s and 1950s could have become naturalized in the surrounding area (Lewis et al. 1995 (Lewis et al. , 1999 .
Our primary objective in this study was to test the hypothesis that the Lassen red foxes are descendants of the native mountain population rather than exotic colonists. Our secondary objectives were to quantify the diversity and distribution of mitochondrial haplotypes within California, especially those unique to the mountain or lowland populations, and to obtain a preliminary assessment of population structure within the state for use in determining sampling priorities for future research. Analyses were based on a 354 base-pair region of the mitochondrial cytochrome-b gene sequenced from historic and modern foxes from mountain and lowland locations throughout California.
Materials and methods

Samples
We obtained a total of 85 samples for genetic analyses, including five ear punches and nine feces collected during the Lassen Peak study -2002 Perrine 2005) . The nine feces, selected from a total of 227 red fox feces collected during the study, were considered likely to represent additional individuals because they were found outside the home ranges of the five collared foxes that provided the ear punches. Four of the nine fecal samples were included in our analysis after being reliably differentiated from one another and from the five captured individuals by microsatellite analysis (B. Sacks, unpublished data). Specifically, these samples were genotyped twice at 12 to 14 microsatellite loci and differed by an average of 15 alleles (>50%; range 5-19 alleles). Because allelic dropout could have influenced these comparisons, we only included individuals that were differentiated from all others at both allelic positions of at least one locus. The nine specimens from the Lassen Peak region likely represent a significant proportion of this highly localized population (Perrine 2005) . Specimens from other populations were obtained from the Museum of Vertebrate Zoology at the University of California, Berkeley (n = 45), other university and municipal natural history collections in California (n = 22), and from several road-killed red foxes and one skeleton collected in the Sacramento Valley (see Appendix  Table 4 ). Extractions were first attempted using untanned hide or muscle, and if these were unavailable or did not yield usable cytochrome-b sequences, we used maxilloturbinal bones (Wisely et al. 2004b) as the source for DNA.
We classified specimens based upon the elevation and date of their collection (Fig. 1 ). Only specimens with unambiguous collection dates and localities were included in our analyses. In keeping with the operational criterion used by the California Department of Fish and Game (e.g., Lewis et al. 1993 ), specimens collected above 1066 m (3500 ft) were considered ''mountain'' and those below 1066 m were ''lowland.'' Similarly, those collected prior to 1950 were considered ''historic'' and those collected after 1950 were considered ''modern.'' We chose 1950 as a temporal boundary based upon a natural separation in the collection times of the available museum specimens and because the range of the lowland red fox had not expanded beyond the Sacramento Valley by this date (Lewis et al. 1999) . In total, comparisons were based on 7 sample groupings (hereafter, ''populations''): 3 from the mountains (Historic Cascades, Historic Sierra Nevada, Modern Cascades) and 4 from the lowlands (Historic Sacramento Valley, Modern Sacramento Valley, San Francisco Bay Area, Southern California) (Fig. 2) . San Francisco Bay Area (hereafter, ''Bay Area'') and Southern California populations did not exist prior to 1950 and are therefore represented solely as modern populations. All specimens from the were collected near these boundary lines, making it highly unlikely that any were misclassified. Note the lack of modern high-elevation specimens prior to 2000
Conserv Genet (2007) 8: 1083-1095 1085 Modern Cascades population were obtained from the Lassen Peak region. No modern specimens were available from the Sierra Nevada Mountains. In part of its geographic range in California, the lowland red fox overlaps in distribution with a congenor, the kit fox (Vulpes macrotis; Hall 1981). However, V. vulpes and V. macrotis are unlikely to hybridize as they have dramatically different chromosome numbers (2n = 48 and 36, respectively) and chromosome morphology (Wayne et al. 1987 ) and genetically are not closely related (Lindblad-Toh et al. 2005) . Cytochrome-b and other protein coding sequences differ by over 8% between the two species (Wayne et al. 1997 ).
Laboratory procedures
Hide and muscle samples were cut into 100-200 mg pieces, diced with a sterile blade, then soaked in sterile 1 · PBS solution for 24 h to dilute any preservatives that may have been present. DNA was then extracted using a QIAamp minikit (Qiagen Incorporated, Valencia, CA) and the standard tissue extraction protocol (200 ll elution volume). DNA was extracted from nasal turbinate samples using the method of Wandeler et al. (2003b) in a separate isolated and dedicated facility for low-copy DNA samples. A 100-300 mg sample of bone fragments was chilled in liquid nitrogen in a sterile vial for 2 min, then pulverized into a fine powder using a UV-and bleach-sterilized mortar and pestle. The powder was decalcified for 72 h by suspension and agitation in 1.5 ml of 0.5 M EDTA. Samples were then digested with 60 ll of 10% N-sarcosyl and 600 lg of proteinase K for 24 h at 56°C, followed by an additional 300 lg of proteinase K and 24 additional h at 56°C. Samples were then centrifuged and 1 ml of the supernatant was transferred to a 10 ml tube containing 5 ml of Qiagen Buffer PB. The DNA was then bound, washed and resuspended in 50 ll of TE buffer using the Qiagen Qiaquick PCR Purification Kit. A negative control was run with each set of extractions to detect possible contamination.
A 354 bp sequence of cytochrome-b was isolated using primers RF14724 (5¢-CAACTATAAGAACAT-TAATGACC-3¢) and RF15149 (5¢-CTCAGAATGA-TATTTGTCCTC-3¢; 441 bp PCR product), modified from L14724 and H15149, respectively (Irwin et al. 1991) . Because the nasal turbinate samples were often degraded with DNA fragment lengths potentially shorter than the desired products, a set of shorter overlapping PCR products was used to generate the same DNA sequence: RF14724-RFCYTB3R and RFCYTBBF-RF15149 (RFCYTB3R: 5¢-GAT-GCTCCGTTTGCATGTATG-3¢; start position 263 of cytochrome-b, 263 bp PCR product, and RFCYTBBF: 5¢-CTGCCGAGACGTTAACTATGGCTG-3¢; start position 224 of cytochrome-b, 218 bp PCR product).
PCR reactions were 25 ll total volume and consisted of 2 ll of tissue derived DNA or 5 ll of fecal or nasal turbinate derived DNA, 2.5 ll of 10 · PCR buffer, 2.0 ll of 10 mM dNTPs, 1.5 ll of 25 mM MgCl 2 , 1 ll each of 10 lM forward and reverse primers, 0.3 ll of 5 U/ll Taq and remainder water. PCR cycle conditions were 94°C for 3 min; then 45 cycles of 94°C for 30 sec, 50°C for 30 sec and 72°C for 45 sec; followed by 10 min at 72°C. PCR products were run on agarose gels and extracted using Ultraclean 15 DNA purification kits (Mo Bio, Solana Beach, CA) or were Fig. 2 Distribution of red fox specimens and 7 putative populations in California, relative to the range of the native Sierra Nevada red fox (stippling) and the lowland red fox (diagonal lines). Note the increase in the lowland red fox's range from the 1930s to the 1990s. The current distribution of the Sierra Nevada red fox is unknown and is therefore assumed to be the same as its historic distribution. CS = Cascades; SN = Sierra Nevada; SV = Sacramento Valley; BA = Bay Area; SC = Southern California. Distributions based upon Grinnell et al. (1937) and Lewis et al. (1999) purified using multiscreen PCR micro 96 plates (Millipore Corporation, Billerica, MA). Dye terminator sequencing reactions were performed for each PCR product for each primer using Beckman DTCS reagents and products were sequenced in both directions on a Beckman CEQ2000XL capillary sequencer (Fullerton, CA) or using Applied Biosystems reagents with products sequenced on an ABI 3730 capillary sequencer (Applied Biosystems, Foster City, CA). Sequences were deposited in the EMBL/Genbank/DDBJ nucleotide database (Accession Nos. EF064207-EF064220).
Data analysis
Due to the matrilineal inheritance of mtDNA, we included only one specimen per litter whenever such information was known. Within each population, haplotype and nucleotide diversity (Watterson 1975) were estimated using Arlequin 2.000 (Schneider et al. 2000) . Relationships among haplotypes were described using a minimum spanning tree. To assess differentiation among population groupings, we conducted a series of hierarchical analyses of molecular variance (AMOVA; Excoffier et al. 1992 ) using Arlequin 2.000. These included one temporal analysis (historic vs. modern populations) and two spatial analyses: (1) mountain (Historic Sierra Nevada, Historic Cascades, Modern Cascades) versus lowland (Historic Sacramento Valley, Modern Sacramento Valley, Bay Area, Southern California); and (2) mountain, Sacramento Valley (Historic and Modern), and other lowland populations (Bay Area, Southern California). Because differentiation among mountain populations was hypothesized to be low (i.e., if originating from a single population) relative to that among lowland populations (potentially high due to multiple source populations), we also used Arlequin to generate a matrix of pairwise F ST estimates (Weir and Cockerham 1984) among all populations based upon haplotype frequencies. Pairwise F ST were also estimated to incorporate pairwise differences between haplotypes (Nei and Li 1979) . Significance (a = 0.05) was calculated using 1000 permutations and then corrected for multiple tests via the sequential Bonferroni method (Rice 1989) . Haplotypes based on homologous sequences from 41 red foxes widely distributed throughout Europe (Frati et al. 1998 ; Genbank Accession Nos. Z80957-Z80997) were used to help elucidate nonnative ancestry among California red foxes. Although we did not necessarily expect the exotic foxes in our study to have been introduced directly from Europe, the species originated and evolved primarily in Eurasia (Kurté n 1980), making a European sample a useful reference to identify foreign haplotypes.
Results
We obtained unambiguous cytochrome-b sequences from 75 of the 85 specimens (88.2%). To be conservative, specimens yielding only partial sequences were not included in the analyses. Sequences from two specimens were excluded because they were littermates of other specimens that amplified successfully (Appendix Table 4 ). The 73 remaining sequences had 17 variable sites (13 transitions, 4 transversions) in 354 bp and defined 14 haplotypes (Table 1; Fig. 3 ). Haplotypes differed from haplotype A by up to 6 substitutions. Three haplotypes (G, M, N) shared a signature of three distinctive polymorphisms with the European haplotypes (Fig. 3) , whereas the remaining haplotypes differed by one or two substitutions from haplotype A. Table 1 Occurrence of 14 mitochondrial cytochrome-b haplotypes in three historic (pre-1950) and four modern (post-1950) California red fox populations Population a n Haplotypes Only haplotypes A and D (differing by one substitution) occurred in both high-elevation and lowland populations, and the remaining 12 haplotypes were exclusive to either the mountains or the lowlands (Table 1 ; Fig. 4 ). Haplotype A accounted for 25 of 31 (80.6%) mountain specimens and two of 42 (4.8%) lowland specimens (both from the Sacramento Valley). Haplotype D accounted for one of 31 (3.2%) mountain specimens and 15 of 42 (35.7%) lowland specimens, all from the Sacramento Valley. All three haplotypes with the European signature were restricted to lowland populations. Of the eight haplotypes that were unique to a single population, six were represented by a single individual. Haplotype K occurred only in the six foxes from Santa Barbara County within the Southern California population.
All nine specimens in the Modern Cascades (i.e., Lassen Peak) population had haplotype A, which was also the most common haplotype in the Historic Cascades (75%) and Historic Sierra Nevada (72.2%) populations. Three haplotypes occurred in the Modern Sacramento Valley population but D was the most prevalent (83.3%). Despite the geographic proximity of the Sacramento Valley and the Bay Area, they shared only haplotype G, which was present in one sample from each population. The Bay Area and Southern California populations shared three haplotypes and these populations had the greatest haplotype and nucleotide diversity ( Table 2) .
The temporal AMOVA allocated no significant proportion of the genetic variation to time period (historic vs. modern) (F CT = -0.07; P = 0.64). The 2-group spatial AMOVA allocated 30% of the genetic variation to that between the mountain and lowland groups of populations (F CT = 0.30; P = 0.03) and 20.9% of the variability among the populations to that within the 2 groups (F SC = 0.30; P<0.001). The 3-group spatial AMOVA allocated 45% of the genetic variation to that among the mountain, Sacramento Valley, and other lowland population groupings (F CT = 0.45; P = 0.01) and only 4.5% of the variability among populations within groups (F SC = 0.08; P<0.001). Thus, the 3-group model was a considerably better fit to the data than the 2-group model. Pairwise F ST and F ST values were consistent with these analyses, indicating no significant differentiation among the historic and modern high-elevation populations, but significant and substantial genetic differentiation between these populations and the Sacramento Valley populations (Table 3) . Likewise, the modern and historic Sacramento Valley populations were not significantly different from one another, but both differed significantly from the other 2 modern lowland populations.
Discussion
Our study assessed the genetic structure among mountain and lowland red fox populations in California before and after a marked range increase by the lowland populations. High phylogenetic divergence was expected between the mountain and lowland populations due to their different hypothesized evolutionary origins. The Sierra Nevada red fox, along with the Cascade and Rocky Mountain red foxes (V. v. cascadensis and V. v. macroura, respectively), likely derived from a lineage isolated south of the continental ice sheets during the Wisconsonian glaciation. When the glaciers retreated this southern refugial population became isolated in the subalpine and boreal habitats of the western mountain ranges (Aubry 1983 ). In contrast, the modern-day low-elevation red foxes in California are widely believed to have originated from various populations throughout eastern and northern North America, which may include European lineages due to introductions in the 17th and 18th centuries (Churcher 1959; Roest 1977; Aubry 1983; Lewis et al. 1999; Kamler and Ballard 2002) . The cytochrome-b gene was chosen over the more variable control region to make use of a number of previously published cytochrome-b sequences for comparison (Geffen et al. 1992; Frati et al. 1998) . Even with the small sample sizes available, cytochrome-b provided sufficient resolution to preliminarily assess structure among California red fox populations. In fact, the diversity of haplotypes in California was comparable that observed for the Mediterranean Basin ( Fig. 3 ; Frati et al. 1998 ). However, inferences based on mitochondrial DNA reflect only matrilineal history and gene flow. Juvenile male red foxes are more likely to disperse than females and usually travel two to three times as far (20-30 km for males, 10-15 km for females), although occasional instances of both males and females dispersing >70 km (the distance between Lassen Peak and the Sacramento Valley) have been documented (Phillips et al. 1972; Storm et al. 1976; Voigt 1987; Rosatte 2002) . Therefore, levels of nuclear gene flow may be higher than revealed by analysis of mtDNA. With this caveat in mind, however, several important findings emerged from our study, as discussed below.
Population differentiation
Analysis of cytochrome-b haplotype frequencies found no significant genetic differentiation between modern and historic populations within the range of the Sierra Nevada red fox in California. All nine of the modern Cascades specimens from Lassen Peak had the haplotype (A) that was the most abundant haplotype in the Cascades and Sierra Nevada populations in California nearly a century earlier. The prominence of this haplotype in the mountain populations and its scarcity among the lowland populations is strong evidence that a remnant of the native, state-threatened Sierra Nevada red fox persists in the Lassen Peak region. The lack of haplotype diversity within this modern population is consistent with high levels of genetic drift and loss of rare alleles as would be expected within small, isolated populations (Wright 1978) , as the Lassen Peak population appears to be (Perrine 2005) . We cannot, however, exclude the possibility that the Lassen Peak (Merriam 1900; Grinnell et al. 1930) . Moreover, haplotype O, which occurred in one fox from the historic Sierra Nevada population and which differs from haplotype A by a single substitution, is the dominant haplotype in modern Cascade foxes from Washington (Perrine 2005) , suggesting little differentiation between these two currently recognized subspecies. In contrast to the close relationships among mountain populations, F ST estimates between mountain and lowland populations in California exceeded 0.25 in all cases (range = 0.31-0.80), indicating ''very great'' divergence (Wright 1978) . Specifically, the Modern Cascades population was highly divergent from all lowland populations (F ST range: 0.56-0.80). Thus, we conclude that the modern-day Lassen Peak population should be managed as the native, state-threatened Sierra Nevada red fox, in the absence of any evidence to the contrary.
Also in contrast to the mountain populations, lowland red fox populations in California did not constitute a single interbreeding population. The Sacramento Valley population, which is the original lowland population in California (Grinnell et al. 1937) , was clearly distinct from the other two recently founded lowland populations (Lewis et al. 1999) . This observation supports the previous suggestion (CDFG 1999 ) that the San Francisco Bay Area and Southern California populations were not founded by foxes dispersing from the Sacramento Valley. Three of the eight haplotypes in the Bay Area and Southern California populations (30% and 23% of samples, respectively) shared the 3 bp signature present in the European fox samples but absent from the historic populations in California's mountains and Sacramento Valley. The presence of this signature does not necessarily indicate an anthropogenic translocation from Europe to California in the past century, as none of the complete haplotypes matched any of the 17 European haplotypes reported by Frati et al. (1998) . It is possible that these haplotypes evolved in northern or eastern North America, whose red fox populations are thought to have derived from Eurasian lineages during the Pleistocene (Aubry 1983) , and were then translocated to California. Although one specimen (CSU-2589) from the modern Sacramento Valley population had the European signature, no other haplotypes were shared between the Sacramento Valley and the other lowland populations. The absence of haplotypes A and D in the San Francisco Bay Area and Southern California populations indicates that these populations were not founded by individuals dispersing from the Sacramento Valley.
Our finding that the red fox populations in the Bay Area and Southern California exhibited relatively low genetic differentiation is in agreement with a previous analysis of three California coastal red fox populations using three microsatellite loci and a 240 bp portion of the mitochondrial control region (Fitzpatrick 1999) . Low F ST estimates may indicate high gene flow, but can also arise due to recent anthropogenic introductions from similar source populations (Fitzpatrick 1999) or high within-population genetic diversity (e.g., Whitlock and McCauley 1999) . Our study and Fitzpatrick's both found substantial genetic diversity within these recently founded lowland red fox populations, which is consistent with multiple introductions from several source populations (Lewis et al. 1999) .
Our evidence that the Sacramento Valley population is more similar to the native mountain red fox than to the other lowland populations in California contradicts previous ideas about this population. Grinnell et al. (1937: 385-386) found the presence of red fox in the Sacramento Valley ''altogether anomalous'' considering the boreal habitats favored by the native red fox, leading these authors to surmise that the population had been ''planted there by man'' by the late 1880s. Their hypothesis was supported by morphological evidence indicating that the Sacramento Valley foxes more closely resembled specimens from central North America (V. v. regalis) than specimens from the Sierra Nevada (Roest 1977) . However, the fact that the dominant haplotype in the Sacramento Valley differs by only a single substitution from that in the mountain populations, but by up to seven substitutions from haplotypes in the other low elevation populations, clearly indicates that the Sacramento Valley foxes are more closely related to the native mountain foxes than to the other lowland populations. Moreover, the occurrence of shared haplotypes between the mountain and Sacramento Valley populations suggests the possibility that the observed differences in haplotype frequencies could have arisen solely via drift over the past century.
Threats of hybridization
It has been hypothesized that mountain red fox are specialists that became restricted to high-elevation habitats following the retreat of the glaciers at the end of the Pleistocene, and that lowland red fox are dietary and habitat generalists that could potentially disperse into these mountainous areas and threaten the persistence of mountain red fox via hybridization and resource competition (e.g., Aubry 1983; Lewis et al. 1995; Kamler and Ballard 2002) . Of all the lowland populations representing such a threat to the Lassen Peak population, the Sacramento Valley region is the closest geographically, and therefore the most likely source of lowland immigration. However, the pairwise F ST value between the Lassen region and the modern Sacramento Valley population was the largest of any in this study, indicating low or nonexistent gene flow. It is unclear what has prevented substantial immigration from the valley to the mountains, or vice versa, over the past century. Red foxes are mobile and highly adaptable generalists, and few barriers to dispersal have been identified other than major rivers and water courses (Storm et al. 1976; Voigt 1987 ). Yet, similar to California, an unidentified barrier exists between mid-elevation and high-elevation red fox populations in Yellowstone National Park (Swanson et al. 2005) . In the Cascades of Washington, a dense belt of conifer forest separates the lowland red fox from the native mountain red fox, but the forest itself is probably not the barrier to gene flow as this habitat could easily be crossed by red foxes (Aubry 1984) .
The barrier restricting mountain red foxes to high elevation habitats may also prevent lowland red foxes from dispersing into or establishing there. For example, dispersing red foxes may select habitats that are similar to their natal habitats, as has been hypothesized to account for habitat-specific population structure in coyotes (Canis latrans; Sacks et al. 2004 Sacks et al. , 2005 and gray wolves (Canis lupus; Carmichael et al. 2001; Geffen et al. 2004 ). Habitat-specific behavioral differences, including differences in social structure, dispersal rates and dispersal distances, likely contribute to the significant genetic structure observed among urban red fox populations and between the urban and adjacent rural populations (Robinson and Marks 2001; Simonsen et al. 2003; Wandeler et al. 2003a) . Alternatively, the barrier could be extrinsic, such as the presence of coyotes or other dominant competitors between the mountain and lowland red fox populations. Coyotes can be an important source of mortality for smaller canids (Sargeant and Allen 1989; Ralls and White 1995; Palomares and Caro 1999; Farias et al. 2005) . Spatial avoidance of coyotes by red foxes has led to the elevational stratification of the two species in regions of Alberta (Dekker 1989) and Maine (Fuller and Harrison 2006) and possibly the Lassen Peak region of California (Perrine 2005) . However, coyotes and red foxes co-occur at lower elevations in California (e.g., Ralls and White 1995) , and there is no direct evidence that the presence of coyotes is the primary factor separating lowland from mountain red fox populations. The available genetic evidence suggests that the barrier between mountain and lowland red fox populations has existed for more than a century, although the mechanisms that created and maintain it are unclear.
Our results underscore the need for several further investigations. Analyses employing nuclear markers are needed to quantify the extent of male-biased gene flow between the lowlands and the mountains, and to detect additional private alleles within these populations. Incorporating historic and modern specimens from the Cascade Range and Rocky Mountains could resolve longstanding questions about the shared origin of these three mountain subspecies (Aubry 1983) and indicate whether there is genetic support for the proposal that they be relegated to a single subspecies (Roest 1979) . Likewise, the acquisition of additional lowland specimens from throughout California, available due to control operations to protect native species, could more fully elucidate current patterns of gene flow and genetic structure among these populations. Determining the origins of the lowland populations, especially the Sacramento Valley population, would require incorporating samples from a broader geographic area to include multiple potential source populations and utilizing higher-resolution markers such as the mitochondrial control region.
Management implications
Several western states, including California, Oregon, Washington, Utah, and Idaho, likely host both native mountain and exotic lowland red fox populations (Aubry 1984; Kamler and Ballard 2002) . However, only California has separate management strategies for mountain and lowland populations, under the assumption that one is native and the other exotic (Kamler and Ballard 2002) . Although the elevation boundary of 1066 m (3500 ft) used to delimit these populations in California is arbitrary and the true boundary likely varies with latitude, our findings indicate that this operational criterion successfully separates high-elevation from lowland populations. Unfortunately, no specimens from the Sierra Nevada have been collected since 1941. In fact, it is unclear whether any red foxes currently inhabit the Sierra Nevada. Recent surveys using baited camera traps and track plates failed to detect red fox anywhere in the Sierra Nevada (Zielinski et al. 2005) , including historic population centers such as Sequoia and Kings Canyon National Parks (Green 2006) . Additional targeted surveys are necessary in these areas, preferably involving the collection of genetic samples via hair snares and the collection of feces. Collaborative efforts with state and federal agencies should be established so that any available specimens (e.g., road-kills) within the historic range of the Sierra Nevada red fox are collected for analysis.
The distribution of mountain red fox appears to be extremely limited in California and their population density and distribution appear to have declined considerably in recent decades. We found no evidence that this decline is due to competition with or displacement by the exotic red fox; however, without evidence from nuclear markers, genetic introgression cannot be ruled out. Even if hybridization has not occurred to date, the threat of future immigration from lowland red fox populations, either from the west (Lewis et al. 1995) or from the east (Kamler and Ballard 2002) , should not be discounted. The distribution and range expansion of these exotic populations should be carefully monitored, not just for the benefit of the native red fox but also for numerous other native species that may be negatively impacted (Lewis et al. 1999 ). Collection). Special thanks to M. Schwartz and two anonymous reviewers whose comments greatly improved the manuscript. 
